In-Situ Imaging Mass Spectrometry Analysis of Melanin Granules in the Human Hair Shaft  by Hallégot, Philippe et al.
In-Situ Imaging Mass Spectrometry Analysis of Melanin
Granules in the Human Hair Shaft
Philippe Halle´got, Ralph Peteranderl, and Claude Lechene
L’Ore´al Recherche, Aulnay Sous Bois, France; Department of Medicine, Brigham and Women’s Hospital and Harvard Medical School, Boston, MA, USA
The elemental composition of melanin granules and other components of the hair shaft was determined by multi-
isotope imaging mass spectrometry, a method with unique advantages for the visualization and quantiﬁcation of
stable isotopes and the elemental composition in study of the ﬁne structure of biologic samples. We mapped and
quantiﬁed the chemical composition of hair cross-sections using secondary ions generated from naturally
occurring 16O, 12C14N, 32S, and 34S with a maximum lateral resolution of 35 nm. Based on these elemental maps of
unprecedented resolution we obtained simultaneously the chemical ﬁngerprints and the structural features, such
as cuticle, melanin granules, the macro ﬁbrils of the cortex, and small sulfur-rich domains in the medulla, in the hair
cross-section. We found an intriguing distribution of 16O, 12C14N, and 32S in melanin granules that we interpret as a
highly anisotropic pattern of oxidation.
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The melanin granules found in the melanocytes of mamma-
lian epidermis and hair cortex are of considerable interest.
Melanin has been shown to protect biomolecules, such as
lipids and nucleic acids from ultraviolet damage by
absorbing ultraviolet light (Krol and Liebler, 1998) and by
scavenging free radicals (Rozanowska et al, 1999). Melanin
in the epidermis plays an important part in photoprotection
(Ortonne, 2002) and the prevention of skin cancers, one of
the most rapidly increasing forms of cancer (Diepgen and
Mahler, 2002). At the same time melanin can cause
oxidative DNA damage if irradiated with ultraviolet light
(Kvam and Tyrrell, 1999).
It has been shown that a crucial factor in the function of
melanin granules is the structure and aggregation state of
the chromophores (Nofsinger et al, 2002). Melanin granules
from mammalian sources, however, pose special problems
for studies of their structure and function due to their
insolubility, and, in the case of the granules in the cortex of
the mammalian hair shaft, their inaccessibility to standard
methods of structural analysis. Because of this most studies
so far of the physical and structural characteristics have
used either synthetic melanins or melanin granules from the
ink of Sepia officinalis.
Studies of melanin from S. officinalis show that melanin is
composed of granules with a diameter of 45 to 230 nm, as
shown by scanning electron microscopy (Nofsinger et al,
2000) and atomic force microscopy (Clancy and Simon,
2001). Investigations of these granules showed a clear
effect of the size on the photochemical characteristics of
S. officinalis melanin granules (Nofsinger et al, 1999),
emphasizing the importance of studies of the structure of
mammalian melanin granules in situ for our understanding
of their photochemical properties.
In this study we use a new scanning technology for the
determination of the elemental composition of sample
surfaces, multi-isotope imaging mass spectrometry (MIMS)
(Slodzian et al, 1992), to study the chemical composition of
melanin granules and other components of the human hair
shaft at the surface of a cross-section. MIMS is uniquely
suited for structural studies of melanin granules in the hair
shaft. As they are composed of eumelanin polymerized from
dopa, and/or pheomelanins derived from cysteinyl dopa
(Castanet and Ortonne, 1997), melanin granules have a
unique chemical fingerprint that permits their visualization
against the other components of the hair shaft matrix. In
addition, the typical dimensions of the granules are well
within the lateral resolution limits of today’s MIMS instru-
ments (35 nm).
Results and Discussion
An overlay of the simultaneously acquired 12C14N and 32S
distribution maps in a cross-section of a human hair shaft
with a medulla is shown in Fig 1. On the 12C14N map, a
rather uniform signal is obtained, in good agreement with
the generally proteinaceous character of the cortex. Bright-
er dots that can be attributed to an intense signal from
eumelanin granules are dispersed throughout the cross-
section. In MIMS analysis of biologic samples 12C14N ion
clusters typically originate primarily from protein and nucleic
acids, where they can serve as a signal to image histologicAbbreviations: MIMS, multi-isotope imaging mass spectrometer.
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structures. The indole-derived eumelanin chromophores,
however, are also an efficient source of cyanide ions. The
32S map shows the presence of higher sulfur levels in the
keratinized cortex compared with the medulla. 32S signals
from the cuticle also can be detected, and are in parts
higher than the signal from the cortex. The cuticle signal
shows a differentiation of the sulfur content for endocuticle
and exocuticle, resulting in a multilayered appearance. The
sulfur distribution that is directly observed by MIMS is in
agreement with the distribution of high-sulfur proteins in the
cuticle as shown by immunolabeling scanning electron
microscopy methods (Takizawa et al, 1999). A lower 32S
signal is emitted from the medulla and the melanin granules,
which appear as small dark spots in the cortex.
As the data for each point in the 32S and 12C14N images
have been acquired simultaneously from the same voxel,
isotope ratios as well as ion ratio measurements are
internally compensated for any variation in ion yield, primary
ion beam intensity, ion optics geometry, or any other effect
that might influence the raw ion counts. Figure 2 was
obtained by color coding the location of regions according
to the local ratios of 32S and 12C14N (as determined from the
scans shown in Fig 1). Three distinct compartments
corresponding to the medulla, the cortex with melanin
granules, and the cuticle are perfectly differentiated based
on their chemical composition and fine structure.
Details of the medulla are presented in Fig 3. Figure 3(a)
shows a MIMS scan of a region of the medulla the using the
same false-color encoding as in Fig 2. Small zones of high
32S intensity with a diameter of approximately 1 mm are
present in the medulla (green arrows). They are clearly
distinguishable against the overall low-sulfur protein con-
tent of the medulla. Expression of high-sulfur proteins in the
medulla has been observed previously (Woods et al, 1990),
although the pattern of expression has not been described
at the subcellular level. At the periphery of the medulla,
spherical structures in the micrometer scale with a low-
sulfur content are observed (white arrow). These are
Figure 1
32S and 12C14N distribution maps acquired simultaneously from a sub-Saharan human hair shaft with medulla. (a) The 12C14N map reveals
mainly protein distribution and gives the histology of the scanned area. The emission of cyanide ions is not uniform over the cross-section of the hair
shaft, illustrating the necessity of the internal compensation through the use of ratios rather than counts for image analysis. (b) The 32S map shows
the distribution of high-sulfur proteins in the various regions of the hair shaft. High-sulfur proteins are predominant in the cortex, but are excluded
from zones of high CN content, the melanin granules. Acquisition time: 3 min.
Figure2
Composite image derived from the 32S and 12C14N distribution
maps. This image shows the localization of regions low (red) and high
in sulfur (green). The medulla, the cortex with melanin granules, and the
cuticle are differentiated according to their chemical composition and
histology.
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identical to the melanin granules (Castanet and Ortonne,
1997) seen when investigating similar samples by scanning
electron microscopy (Fig 3b; white arrow) (Castanet and
Ortonne, 1997).
The distributions of 12C14N (red) and 16O (green) in
melanin granules are presented as a color-coded image in
Fig 4. There is a pronounced anisotropy for the 16O signal
in these structures, with most of the signal found on the side
of the granules, facing right in the image. As the yield
of 12C14N ions is not affected, artifacts generated by a
‘‘shadowing’’ phenomenon can be ruled out as the cause
for this observation. Instead, the observed distribution of
the 16O signal is likely to reflect the actual local oxidation of
the components of the melanin granules.
To confirm the linear nature of the MIMS measurement
we determined the stable sulfur isotope ratios for different
voxels of the hair cross-section. Figure 5(a) is a mosaic of 12
overlapping 20 mm2  20 mm2 32S maps, with an acquisition
time of 5 min per tile. Only a few atomic layers were eroded
during the analysis. The cortex and the cuticle are clearly
visible. The endocuticle and exocuticle are well defined for
each cuticle cell, in good agreement with the known
distribution of high-sulfur proteins in this structure (Takizawa
et al, 1999). In Figure 5(b), a mosaic of two overlapping
maps of the rare isotope 34S are aligned with the corres-
ponding 32S maps of Fig 5(a), and the cortex and the cuticle
are clearly distinguishable. The simultaneous acquisition of
32S and 34S signals from the exact same sample volumes
eliminates all possible errors that might prevent an accurate
determination of the local sulfur isotope ratio. The deter-
mined mean of 0.0453 (  0.0028 SD) for the 34S/32S ratio
(n¼10) is statistically equivalent to the known terrestrial
abundance ratio of these isotopes (0.0452). This result
underlines the linear nature of MIMS measurements over a
wide range of signal intensities, and the intrinsic correction
for differences in the conditions from voxel to voxel through
the use of ratios.
The sulfur maps obtained from MIMS are in perfect
agreement with data from electron energy-loss spectro-
scopy, i.e., a low-sulfur signal from eumelanin granules was
confirmed in situ, the sulfur-rich exocuticle is distinguished
from the endocuticle, a less keratinized portion of the cuticle
cell.
Figure 3
Detail enlargements of the medulla and adjacent cortex, acquired
with MIMS and scanning electron microscopy. (a) MIMS image at
high resolution, showing part of the medulla. Localization of proteins
with regular sulfur content (red) and high-sulfur proteins (green) in the
medulla. Green arrows: sulfur-rich regions in the medulla. White arrow:
melanin granules in the medulla. (b) Scanning electron microscopy
image of a medulla at a comparable site and magnification. Melanin
granules are indicated (white arrow).
Figure4
High-resolution chemical analysis of melanin granules. Distribution
of 12C14N (derived from proteins and indole derivatives, red) and
16O (green) in melanin granules. The distribution of 16O shows a
pronounced gradient of similar orientation in these melanin granules.
1.75 mm  1.75 mm detail of a 6 mm  6 mm scanning field.
IN-SITU ANALYSIS OF MELANIN GRANULES 383122 : 2 FEBRUARY 2004
Figure 6 is an 8 mm  8 mm distribution map of 12C14N (in
red) and 32S (in green) acquired from the cuticle and cortex
of the caucasian hair sample. The cortex shows eumelanin
and sulfur-containing pheomelanin granules. The cortex
also contains aggregates of melanin granules composed of
eumelanins and sulfur-containing pheomelanins.
The chemical composition of the mammalian hair shaft
has been previously investigated using a large variety of
methods, including quantitative bulk analysis, fiber X-ray
diffraction, microanalytical techniques (Forslind, 1996),
electron energy loss spectroscopy (Halle´got and Corcuff,
1993), X-ray photoelectron spectroscopy (Ward et al, 1993;
Rankin, 1994; Peet et al, 1995), static and scanning
secondary ion mass spectrometry (Gillen et al, 1999),
histochemistry (Swift, 1997; Wollina, 1997), and autoradio-
graphy (Gautier and Bernard, 2001; Bernard et al, 2002).
None of these methods, however, can map the chemical
composition of a hair cross-section with similar precision
and resolution.
MIMS can also be used to investigate the organization of
melanin chromophores. Melanin is the major surface
pigment of vertebrates whose biologic functions go from
photoprotection to display, and could even be a target for
anti-melanoma therapy (Riley, 1997). The structure of
melanin granules is of significant importance for the
physical characteristics of the chromophore and has been
the focus of many structural studies based on extraction
procedures (Napolitano et al, 2000; Novellino et al, 2000;
Nofsinger et al, 2002). Nothing is known, however, about the
arrangement of the melanin chromophore and the support-
ing protein framework of the melanin granule in situ. This
spatial organization may be important to the function of the
granule.
This study reports an inhomogeneous chemical compo-
sition by MIMS of melanin granules that exhibit an oxygen-
rich pole. Whereas the reason for this is still under
investigation, there are two possible explanations for such
an uneven distribution. The oxygen spots might correspond
to pigment-rich regions, and reflect an anisotropic synthesis
of the granules in melanocytes. An alternative explanation
for this asymmetry is the formation of oxygen radicals
through photoactivation of the melanin chromophores
(Simon, 2000) that then react with the aromatic systems of
the melanin granules. Melanin granules in the hair shaft are
tightly locked into an orientation by the matrix of the hair
cortex. The oxygen-rich poles of the granules in the hair
cross-section show a common orientation, which most
likely reflects the position of the hair on the scalp of the
donor with respect to the direction of ambient light. We
propose that oxygen radicals are generated by ultraviolet
absorption at the pole of the melanin granule exposed to the
light, and that these radicals are then captured by other
indole rings in the granule. The oxygen gradient observed in
the granules would then be a representation of the mean
travel distance for oxygen radicals between generation and
quenching. This hypothesis would offer an explanation for
the difference between the activation spectra of melanin
Figure 5
Sulfur isotope mapping of a caucasian
hair cross-section. (a) This image is a
mosaic of 12 partially overlapping 20
mm  20 mm 32S scans of a cross-section
of a caucasian hair shaft without a
medulla. The cortex and the layered
cuticle are clearly visible. The dark spots
represent sulfur-poor eumelanin granules.
(b) Mosaic of two overlapping 20 mm  20
mm 34S maps acquired in parallel to the
32S scans shown in Fig 2(a). Even at the
low abundance of 34S (4.29%) the cortex
and the cuticle can be clearly distin-
guished based on the differences in sulfur
secondary ion emission.
Figure 6
The distribution of 12C14N (red) and 32S (green) in the cuticle and
cortex of the caucasoid hair. The cuticle of the hair shows a complex
distribution of high-sulfur and high-nitrogen regions. In the cortex
eumelanin and pheomelanin granules can be observed. Scanned area:
8 mm  8 mm.
384 HALLE´GOT ET AL THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
granules depending on their size. Further studies of sulfur-
containing pheomelanin granules will help with this inter-
pretation in future studies. Specific images obtained on the
cortex and cuticle will also be investigated further.
These results demonstrate the unique advantages that
parallel detection of multiple secondary ions offer for
structural studies. As the elemental compositions are
acquired at the same time for every scanned voxel, there
are no questions about the proper alignment of the
measurements and artifacts can be ruled where subtle
spatial patterns are observed.
An immense advantage of MIMS is its ability to
discriminate between isotopes. The isotope ratio determi-
nation of 34S/32S is straightforward. A value corresponding
to the terrestrial abundance of isotopes (34S/32S¼0.0454)
was obtained. These results indicate that pulse labeling
studies of the synthesis of the components of the hair
follicle and hair shaft using stable isotopes as tracers is now
possible. The high spatial resolution of MIMS is compatible
with organelle dimensions and incorporation studies can be
conducted in established in vitro systems for hair growth
(Philpott et al, 1994) as well as in vivo as the high sensitivity
of the instrument is compatible with the levels of isotopic
labeling that can be achieved at physiologic concentrations.
Materials and Methods
The hair samples used in this study were obtained from L’Oreal France
(L’Oreal Recherche, Aulnay sous Boil, France). They came from two
dark-haired individuals of caucasian and sub-Saharan descent,
respectively. Neither hair sample had undergone any extensive
treatment beyond washing during its growth. Three micrometer
cryosections of hair samples were prepared according to published
procedures (Halle´got and Corcuff, 1993). The substrate used to mount
the cross-sections were 5 mm2  5 mm2 sections of a 475 to 575 mm
thick silicon wafer doped with N/Antimony o1114 and a 0.005 to
0.02 O cm resistivity (Montco Silicon Technologies, Inc., Spring City,
PA) to prevent the build-up of static charges on the sample.
The isotope distribution maps were acquired on a prototype of the
NanoSims 50 (CAMECA, Courbevoie, France). A cesium ion source
thermally dissociates cesium carbonate to generate a beam of primary
cesium ions that are accelerated and shaped in the primary column.
This primary ion beam is directed into the objective column, where it is
focused on to the sample. The impact of the primary ions sputter atoms
and small molecules of the sample from an approximately 5 nm thick
top layer, a fraction of which is ionized in the process to form anions.
These secondary anions are collected and accelerated in a beam
coaxial to the primary cation beam. The secondary ions are then guided
into the secondary column where a series of ion lenses is used to shape
and focus the ion beam into a double-focusing mass spectrometer.
Specific ions can be selected for counting by placing moveable
electron multiplier detector units at the appropriate positions in the exit
focal plane of the mass spectrometer.
The acceleration for the primary ions was set to 15 kV. Scans for the
mosaic of the entire hair cross-section were done with a 50 mm2  50
mm2 scanning field of 256  256 voxels (195 nm2  195 nm2 per voxel).
The acquisition time was 3 ms per voxel. For scans of details of the hair
shaft cuticle the field was set to 8 mm2  8 mm2, again with a resolution
of 256  256 voxels (31.3 nm2  31.3 nm2 per voxel), and the
acquisition time was 50 ms per voxel. Typically under these conditions
only a few atomic layers are removed during data acquisition.
Secondary ions were accelerated over 8 kV and analyzed in a
double-focusing mass spectrometer. Anions of the masses 15.995
amu (16O–), 26.003 amu (12C14N–), 31.972 amu (32S–), and 33.968 amu
(34S–) were selected in parallel for detection. As nitrogen has an
insufficient electron affinity, it is not emitted as an N– anion. Instead
nitrogen was detected as its cyanide ion CN–, a molecule that has a
high enough electron affinity (3.82 eV) and is readily formed from
biologic samples.
Data reduction was done using iSee software (Inovision Corpora-
tion, Raleigh, NC) for the processing of image data and Prophet 3.1
(BBN Systems and Technology, Cambridge, MA) for statistical analysis.
Conclusions
Recently, a new generation of secondary ion mass spectro-
metry has been developed that permits parallel imaging of
up to four isotopes (Slodzian et al, 1992). Multi-Isotope
Imaging Mass Spectrometry (MIMS) is based on secondary
ion mass spectrometry (Castaing and Slodzian, 1962). In
addition to parallel detection, MIMS has high spatial
resolution up to 35 nm and high mass resolution at high
transmission. MIMS allows the study of an extremely thin
layer of the sample without the need to prepare sections of
such a thickness. Indeed, the only sample preparation
requirement for MIMS is that it be in a vacuum; thus
preparation protocols are dictated primarily by the experi-
ment. Mammalian hair is especially accessible in studies
using this method due to the fact that a number of its
components have highly characteristic elemental composi-
tions, for example the high sulfur content of keratin-
associated proteins (Shimomura et al, 2002). Finally, the
ability of MIMS to measure the ratios of stable sulfur
isotopes even at terrestrial abundance opens the door for
labelling experiments with stable sulfur isotopes in vivo.
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